In the nervous system, a perfect balance of excitation and inhibition is required, e.g. to enable 
INTRODUCTION 30
In mammals, GABA B receptors are extrasynaptic, high-affinity G-protein coupled receptors 31 (GPCRs) that are either presynaptic auto-receptors on GABAergic neurons, or detect spillover 32 GABA, released at nearby synapses (Bettler et al. 2004) . GABA B receptors are obligate 33 heterodimers of B1 and B2 subunits (Jones et al. 1998; White et al. 1998) , that together with 34 auxiliary subunits (KCTD proteins) appear to form tetramers or even higher order oligomers 35 (Schwenk et al. 2010) . GABA B receptors can modulate the function of excitatory neurons by 36 heterosynaptic inhibition, via signaling through heterotrimeric G-proteins (through "released" 37 G βγ subunits) to inhibit presynaptic voltage gated Ca 2+ -channels (Herlitze et al. 1996; Ikeda 38 1996) . Alternatively, they can trigger postsynaptic G-protein activated inward rectifying 39 potassium (GIRK) channels, again via G βγ subunits, to induce a slow inhibitory current 40 (Luscher et al. 1997; Schwenk et al. 2010) . Furthermore, via G αo /G αi pathways, mammalian 41 GABA B receptors can activate or inhibit adenylyl cyclase. At glutamatergic synapses, 42 GABA B receptors were implicated in synaptic plasticity (Davies et al. 1991; Mott and Lewis 43 1991) , lowering cAMP levels and thus blocking stimulatory effects of increased Ca 2+ on 44 synaptic vesicle recruitment from the reserve pool (Sakaba and Neher 2003) . 45 Cholinergic MNs in the C. elegans ventral nerve cord activate muscles and GABAergic 46 neurons at dyadic synapses / NMJs, to co-evoke a contralateral inhibition of muscles, thus 47 allowing a bend of the body to occur (Schuske et al. 2004; White et al. 1986 ). Very few 48 "reverse" connections have been found from GABAergic to cholinergic MNs (White et al. 49 1986), making it unlikely that these connections contribute much to the excitatory/inhibitory 50 balance. However, a heterodimeric GABA B receptor, comprising GBB-1 and GBB-2 51 subunits, was reported to be widely expressed in the nervous system, yet, among MNs, it was 52 exclusively found in cholinergic cells (Dittman and Kaplan 2008) . gbb-1 or gbb-2 deletion 53 mutants exhibit alterations in locomotion, as well as increased paralysis induced by aldicarb, 54 an inhibitor of acetylcholine-(ACh) esterase. As these effects are not exacerbated in gbb-1; 55 6 several hundred transgenic F1 progeny, we could not obtain any transgenic line in the gbb-134 2(tm1165) ; unc-49(e407) background. We thus could only test F1 progeny in this genetic 135
background. 136
Expression of GBB-2(A484V; V572A) in cholinergic neurons slightly, but in a statistically 137 significant manner, restored the zxIs3 dependent, photoevoked body relaxation in gbb-138 2(tm1165) ; unc-49(e407) animals, particularly at low photostimulus intensity, while 139 expression in GABAergic neurons did not show any statistically significant rescue (Fig. 1a,  140 b). Furthermore, we analyzed locomotion of strains lacking gbb-1 or gbb-2, without or with 141 expression of GBB-2(A484V; V572A) in cholinergic or GABAergic neurons, by counting 142 swimming cycles of the animals in M9 buffer (Fig. 1c) . While gbb-1 and gbb-2 mutants 143 exhibited significantly less swimming cycles, GBB-2(A484V; V572A) expressed in 144 cholinergic, but not in GABAergic neurons, rescued or even overcompensated the locomotion 145 deficits of gbb-2(tm1165) mutants. While we are cautious in over-interpreting our results, due 146 to the mutations in GBB-2 and the analysis of F1 rescue animals in gbb-2; unc-49 147 background, they suggest that the focus of GBB-2 function in locomotion and NMJ function 148 is in cholinergic MNs. 149 150 GBB-1/-2 receptors affect locomotion in response to light-evoked GABA transmission 151 Dittman and Kaplan (2008) showed that the GBB-1/-2 receptor has an influence on 152 locomotion behavior, e.g. mean speed, directional turns and area explored per unit time. 153
Confirming these findings, we also observed that gbb-1 and gbb-2 mutants performed less 154 directional turns per unit time, when compared to wild type (data not shown). We were 155 interested to analyze locomotion while GABA transmission is photostimulated, as this may 156 further emphasize effects of the GBB-1/-2 receptor. As we previously showed, prolonged 157 photostimulation of GABA neurons via the zxIs3 transgene causes 4-5% body elongation that 158 declines to 1-2% within 10-20s, likely due to desensitization of the UNC-49 GABA A R7 (Liewald et al. 2008) , then however, GABA effects sustain for several minutes (Schultheis et 160 al. 2011) . We thus used a recently developed tracking system, capable of selective 161 photostimulation of freely behaving animals (Stirman et al. 2011) , to track locomotion 162 trajectories, speed and mean bending angles of wild type and gbb-2(tm1165) animals, both 163 containing zxIs3. When analyzing animal trajectories, we observed that gbb-2; zxIs3 animals, 164 while being photostimulated, reached larger maximal distances from the starting point 165 ("R max ", as defined by Dittman and Kaplan, 2008 ; note that this is not the absolute distance 166 traveled) during a 120s period, when compared to wild type (Fig. 4a-c) . When we analyzed 167 the mean bending angles (i.e. the deviation from 180°, averaged over 11 evenly distributed 168 points along the "spine" of the animal), gbb-2 mutants exhibited much deeper bending angles 169 (~27 vs. ~21° for the wild type), and gbb-2 animals moved generally faster than wild type 170 (Fig. 4d, e) . This indicates that the function of the GBB-1/-2 receptor may contribute to 171 shaping the body curvature during sinusoidal locomotion, i.e. "smoothening" it. The lack of 172 the receptor, which causes "loopier" locomotion, may thus directly contribute to the overall 173 locomotion speed, and, as a consequence of apparently less curved trajectories, to longer R max 174 distances traveled. 175
176

Continuous or pulsed photoactivation of cholinergic MNs at different stimulus strength 177
Due to the innervation pattern in the C. elegans nerve cord, cholinergic neurons stimulate 178
GABAergic neurons (White et al. 1986) , and apparently detect spillover GABA through the 179 GBB-1/-2 receptor as a feedback mechanism. Thus far we have optically manipulated GABA 180
MNs to support this hypothesis. We next asked if the GBB-1/-2 receptor could further act to 181 achieve plastic alterations in cholinergic MNs, e.g. when spillover GABA builds up in the 182 nerve cords for prolonged periods of time. To this end, we used photoactivation of cholinergic 183 neurons via transgene zxIs6 type, and this depression should be abolished in the gbb-2 mutant. In the wild type, the 209 contractions were reduced from ~7% to ~4% over the first 5s of the stimulus train (93 vs. 96% 210 body length; Fig. 5b ), which could indeed reflect short term synaptic depression under these 211 stimulation conditions. Contractions in gbb-2(tm1165) mutants essentially showed the same 212 decline over time, though by analysis of variance (ANOVA), body length traces significantly 213 differed 3-14s into the stimulus train, with gbb-2 mutants contracting slightly more. Thus, a 214 strong stimulus train may possibly evoke some GBB-1/-2 mediated plasticity. 215
Thus far, we "hyper-"stimulated the cholinergic MNs (stimulus intensity 1.6 mW/mm²), and it 216 appeared possible that the photoactivation was too strong and thus overrode any plastic 217 changes. As no voltage-gated sodium channels are found in C. elegans, cholinergic MNs 218 likely fire no action potentials, and the amount of ACh released depends on membrane 219 depolarization in a graded fashion (Bargmann 1998). As reported previously (Liu et al. 2009 ), 220
we found that the size of photo-evoked postsynaptic currents (photo-ePSCs) in muscle 221 correlated with increasing light intensities, and could be fitted with a single exponent (Fig. 6a,  222 b), and no all-or-none responses could be observed. To investigate potential plastic effects 223 depending on GBB-1/-2 function at low stimulus strength, we lowered the light intensity to 224 ~1/10 th . Photo-ePSCs using 0.11mW/mm² were reduced to ~40% of the maximal photo-225 ePSCs, which could be reached at 1.12mW/mm² (Fig. 6a, b) . In behavioral assays, using 226 0.14mW/mm² caused contractions of the animals to only 96% ( Fig. 6c ; compared to 93% for 227 1.6mW/mm²; Fig. 5b ). 2Hz, 10ms stimulus trains at 0.14mW/mm² in wild type and gbb-228 2(tm1165) mutant animals showed no major differences between genotypes, though during 229 the first 3s of the train, wild type animals contracted significantly stronger, a general 230 reduction of the contractions over the first 4-5s (to 98%) was observed in both genotypes, and 231 significantly less pronounced contractions of the wild type were apparent during the second 232 half of the train. 233 234 Altered GABA levels in snf-11 GABA (reuptake) transporter mutants and concomitant 235 photostimulation of GABA/ACh MNs unravels GBB-1/-2 effects 236
We observed slight effects of GABA, released in response to photoevoked ACh transmission 237 and detected by GBB-1/-2 receptors, inducing some possibly plastic changes in ACh neurons. 238
However, these effects were subtle, maybe as the amount of GABA released could have been 239 too small. Thus, we wanted to test whether increased levels of GABA in the synaptic cleft, or 240 increased acute release of GABA could enhance these minor effects. 241
First, we tried to achieve higher GABA levels in the synaptic cleft at steady state. A high-242 affinity GABA transporter, SNF-11, has been described, which according to one study is 243 expressed in muscles, as well as some neurons, excluding most of the inhibitory, GABAergic 244 motor neurons (Mullen et al. 2006 ). This receptor is likely to act as a reuptake transporter, and 245 not a transporter required in GABAergic MNs to provide GABA for release. Consequently, 246 snf-11 mutants were shown to be resistant to aldicarb, as higher steady state inhibition may be 247 expected due to increased basal levels of GABA in the cleft, and this may even act through 248 the GBB-1/-2 receptor. However, in another study, SNF-11 expression was reported for the 249 GABAergic motor neurons, and when the SNF-11 protein was knocked down by RNAi, 250 aldicarb hypersensitivity resulted, indicating reduced inhibition (Jiang et al. 2005) . The 251 findings of this report thus rather indicate that SNF-11 may be required for recycling of 252 GABA in GABAergic neurons, which also express the GABA biosynthetic enzyme UNC-25 253 (glutamic acid decarboxlyase -GAD). To further investigate the two possibilities suggested 254 by the two studies (Jiang et al. 2005; Mullen et al. 2006) , we crossed the zxIs6 transgene into 255 the snf-11(ok156) mutant background. We found that loss of SNF-11 caused significantly 256 increased contractions in response to both continuous and pulsed photo-stimulation of 257 cholinergic neurons (Fig. 7a, b) . This could indicate that steady-state levels of GABA in the 258 synaptic cleft are not increased in snf-11 mutants, but that SNF-11 rather functions to provide 259 normal GABA levels in GABAergic MNs. Alternatively, if steady-state GABA levels were 260 increased in snf-11 mutants, this may have long-term desensitized GABA A Rs, causing 261 enhanced effects of photo-evoked ACh release. ACh effects in snf-11(ok156) animals were 262 11 further increased by additional deletion of gbb-2 (Fig. 7a, b) , in line with the hypothesis that 263 GBB-1/-2 receptors act in feedback inhibition of cholinergic MNs. The pulsed stimulation of 264 cholinergic neurons in snf-11 or snf-11; gbb-2 mutants did not reveal any obviously abolished 265 or enhanced plastic alterations in the contractions, though the differences to wild type were 266 less pronounced towards the end of the 30s stimulus train for both genotypes. 267
Due to the likely constantly elevated levels of GABA in the synaptic cleft of snf-11 mutants, 268 compensatory mechanisms may have occurred, e.g. desensitization of GABA A (or GABA B ) 269 receptors. To acutely maximize synaptic GABA levels, concomitant with ACh release, we 270 generated a strain expressing ChR2 in both cholinergic and GABAergic neurons (zxIs3; zxIs6 271 double transgenic animals). As expected, contractions evoked in these animals were 272
significantly reduced compared to the zxIs6 animals, at least during the first 2.5s of the 273 stimulation (Fig. 7c) . As the initially strong GABA effects diminish over time (Fig. 4d We next compared wild type to gbb-2(tm1165) mutant animals, both containing zxIs3 and 277 zxIs6 transgenes. Upon continuous stimulation (Fig. 8a) , gbb-2(tm1165) mutants contracted 278 more strongly than the wild type for the initial 6s of the stimulus, indicating that under 279 conditions of enhanced GABA release, heterosynaptic inhibition via the GBB-1/-2 receptor 280 indeed has a modulating, time dependent effect on ACh MNs. We also performed similar 281 experiments with 2Hz pulsed photo-stimulation, both at high (1.4 mW/mm²; Fig. 8b ) and low 282 stimulus intensity (0.14 mW/mm²; Fig. 8c ). While at the low stimulus intensity, gbb-2; zxIs3; 283 zxIs6 animals showed significantly stronger contractions than wild type zxIs3; zxIs6 animals 284 during the first 6s of the stimulus train, the effect was opposite for the remaining train. For the 285 high intensity stimuli, differences were only observed late in the stimulus train, i.e. after 20s, 286 and wild type animals contracted more strongly. In essence, there mainly appear to be acute 287 MNs. We asked whether this feedback might induce plastic changes at the cholinergic 294 synapse, e.g. a progressive depression upon sustained activity. To investigate this, we used 295 optogenetic methods, i.e. photo-stimulation of cholinergic neurons, to evoke behavioral 296 changes (contractions) in vivo, and analyzed whether these contractions dynamically changed 297 during prolonged activity, dependent on GBB-1/-2 receptors. While we indeed found 298 significant differences in the extent of the light-evoked, ACh-dependent contractions between 299 gbb-2(tm1165) mutants and wild type animals, these alterations were rather small and their 300 temporal occurrence was not consistent under different experimental conditions (e.g. strong 301
vs. weak, continuous vs. pulsed stimuli). In one case, changing the stimulus protocol even 302 reversed the effects from enhancing cholinergic function to reducing it. While there may be 303 complex interactions in the motor nervous system that could explain the variability of the 304 observed effects, we cannot explain them satisfyingly and thus suggest that GBB-1/-2 305 receptors mainly serve to provide a negative feedback to cholinergic MNs (model, Fig. 9) , 306 that has no major dynamic component. In agreement with this model, locomotion behavior 307 during photostimulation of GABAergic neurons was more exaggerated (deeper body bends, 308 increased speed) in gbb-2 animals, in line with a partial loss of inhibition, but these 309 differences were roughly constant during the 120s stimulus period. Our method is able to 310 measure synaptic plasticity at the behavioral level, as we could previously show for mutants 311 affecting synaptic vesicle recycling, e.g. the phospholipid phosphatase synaptojanin UNC-26: 312 these animals showed a progressive reduction of the contractions over time (Liewald et al. 313 13 2008) . Our method allows to quantitatively address the action of spillover transmitter in intact 314 animals, rather than by electrophysiology in dissected preparations, where such transmitter 315 effects would be abolished by dilution due to bath perfusion. We acknowledge, however, that 316 photostimulation of motor neurons may evoke the co-release of transmitters other then GABA 317 or ACh, as these cells also are likely to contain neuropeptides, whose (modulatory) action 318 could contribute to some of the effects we observed. 319 GBB-1/-2 receptors are responsible for some part of the GABA effects on body relaxation in 320 optogenetic experiments, i.e. upon acute GABA release. We did not find any influence of the 321 GBB-1/-2 receptor on the effects of acutely photo-evoked ACh release, unless we photo-322 evoked GABA release in addition to ACh release. These effects were somewhat dynamic and 323 time dependent, as they were seen only during the initial 2.5 sec of a constant stimulation of 324 the two MN classes in gbb-2(tm1165) mutants. Pulsed photostimulation of GABAergic and 325 cholinergic neurons, however, initially showed more pronounced contractions of gbb-2 326 animals, while later during the stimulus train wild type animals showed stronger contractions, 327 and this depended on stimulus intensity. It is possible that even lower stimulus intensities may 328 be required to uncover subtle plastic changes better; yet, given the minor extent of the 329 behavioral effects we observed at the lower stimulus intensity we used, we were not confident 330 that they could be accurately measured at even lower stimulus intensities. Instead, we 331 explored whether continuously elevating GABA levels in the synaptic cleft could have effects 332 similar to acute GABA signaling. When the SNF-11 high affinity GABA transporter was 333 absent, ACh-evoked contractions were stronger, and they were even further enhanced when 334 the GBB-1/-2 receptor was missing. This could be in line with a function of SNF-11 as a 335 reuptake transporter, or with a possible function of SNF-11 in GABAergic neurons, 336
providing/recycling some of the GABA produced and released by these cells, as suggested by 337 two conflicting previous reports (Jiang et al. 2005; Mullen et al. 2006 ). However, both 338 14 continuously elevated and reduced levels of GABA in the cleft may affect compensatory 339 mechanisms in GABA receptors, making it difficult to interpret our findings conclusively. and does not require extensive stimulus protocols over extended periods, as for example in the 359 induction of long-term synaptic plasticity. These changes, however, may be of minor 360 importance, or will require more elaborate experimental approaches to be fully understood. 361
362
MATERIALS AND METHODS 364
Genetics 365
C. elegans strains were cultivated using standard methods on nematode growth medium 366 (NGM) and fed E. coli strain OP50-1 (Brenner 1974). For optogenetic experiments, all-trans 367 retinal (ATR, from Sigma; 0.25μl of a 100mM stock in ethanol) was added to 300μl of OP50 368 culture and spread onto 5.5-cm culture dishes containing 10ml of NGM. About 18h before 369 experiments, L4 larvae, grown on all-trans retinal plates, were placed on fresh all-trans retinal 370
plates. Strains used (outcrossed 4-7 times, where appropriate) were: N2: wild type (Bristol 371 isolate), RM2710: snf-11(ok156), ZX426: N2; zxIs3 gbb-2(tm1165); unc-49(e407); zxIs3; zxEx457[punc-47::GBB-380 2(A484V; V572A); pmyo-2::mCherry], ZX1055: gbb-2(tm1165); unc-49(e407); zxIs3; 381 zxEx458[punc-17::GBB- 
Molecular Biology 386
The plasmid encoding pmyo-2::mCherry (pCFJ90) was a kind gift of E. Jorgensen. 387
Construction of plasmids used to generate zxIs3 and zxIs6 integrated transgenes was described 388 previously (Liewald et al. 2008) . The GBB-2(A484V; V572A) construct was generated as 389 to a 1s light pulse (470nm, indicated by a grey bar) of the indicated light intensity. Peak 586 inward currents were followed by a steady state current that returned to base line after the end 587 of the stimulus. b) The peak currents were averaged (n=6-7), and fitted with a single-588 exponent. Displayed are means ± s.e.m. c) Wild type or gbb-2(tm1165) animals with 589 transgene zxIs6 were assayed as in Fig. 3b , with a light intensity of only 0.14 mW/mm², and 590 body contractions were quantified. Displayed are means ± s.e.m. Two-factorial ANOVAs 591
FIGURE LEGENDS 516
